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Abstract  
According to theoretical analysis of in-situ stress of coalbed and classic curves of hydraulic fracturing test in coal, 
this paper obtained typical analytic curves of hydraulic fracturing test. With the tested wells in southern Qinshui basin 
as research objective, the in-situ stress was measured in coal seam. Analysis and study of the hydraulic fracturing test 
data by log-log method and square root method were carried out to obtain the accurate in-situ stress of coalbed 
reservoir. The mutual verification of two methods was applied. The stress test data of coalbed reservoir are of great 
significance for exploration, test and subsequent extraction of coalbed methane operation.. 
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Hydraulic fracturing is one of the major methods for stress measurements. It is widely applied in 
geotechnical engineering, oil and CBM exploration and development. In-situ stress is one of the 
important parameters to understand and evaluate coalbed reservoirs. Coalbed reservoir is a typical porous 
medium, composed of matrix pores and fracture pores. Fracture system of coal seam consist of mutual 
perpendicular face cleat and butt cleat. Coal itself is brittle and soft, which means that coal has a high 
Poisson's ratio and a low elastic modulus. Although Coal itself has restricts of these characteristic, 
hydraulic fracturing is one of the most effective ways to obtain coalbed reservoir stress. 
1. Theoretic calculation of in-situ stress of coal seam reservoir 
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The stress acted on coal unit body is divided into vertical principal stress σz and horizontal principal 
stress σH  ( subdivided in mutual perpendicularσX andσY).  When rock gravity is supported by rock frame 
and pore fluid pressure Ps, the pressure on the coal skeleton is known as the effective stress σ z. Similarly 
the horizontal stress acting on the coal skeleton is called the effective stress σx and σ y. 
Coalbed reservoir is a typical porous medium and it is brittle and soft. It is assumed that coal seam is 
in the elastic state. According to the generalized Hooke's law, under the effect of σz, σx and σy, coal cell in 
the X-axis direction strain is: 
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X ——X-axis strain of coalbed； E——Elastic modulus of coalbed, kPa；  ——Poisson's ratio of 
coalbed, dimensionless； 
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Because of limited lateral stress, so there: σx = 0, that is, the relationship between the vertical effective 
stress and horizontal effective stress of seam (coal itself has a high Poisson's ratio and low elasticity 
modulus). 
Typical curve of hydraulic fracturing test is shown in Figure 1. In the first cycle, after rupture of the 
target seam, the pressure will suddenly decreased, and then the pressure will be manifested as an 
extension state. Pressure of early stage of shut down declines soon, and then slows down; in the second 
cycle of stress test , the fracture pressure will be lower than  that of the first cycle, the difference between 
the two is called the tensile strength T. 
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Fig.1. Typical curve of stress test of coalbed  
 
Assume that the effective vertical stress is σz, two other effective horizontal stress are σx  and σy
（σx≥σ y） ; based on elasticity theory and the above analysis, The parameters of borehole for 
hydraulic fracturing test  are as follow: 
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Therefore, the coal seam fracture closure pressure is approximately equal to the minimum horizontal 
stress, the closure pressure is the horizontal effective stress. 
2.  Hydraulic fracturing test of coalbed reservoir 
The device  system for hydraulic fracturing test of coalbed reservoir mainly consists of pumping 
system  ( including water injection pump, diesel engine, water tanks, high-pressure manifolds, pressure 
safety valve, pressure gauges and water supply pump )，well  hoist(composed of motor, drum, slick-line, 
counter), wellhead device(composed of wellhead straight tee, flow-tube, lubricator, blowout preventer 
and hand pump), down-hole shut-off tools(composed of rope socket, sinker bar, jars, knuckle joint, 
equalizing valve, shut-off valve and seating nipple), string and packer（composed of tubing, expansion 
packer, plugging tube and high precision electronic pressure gauge）. 
In-situ stress measurement of hydraulic fracturing test of coalbed reservoir is that the expanded packer 
is used to pack an interval of borehole in predetermined depth, and then high-pressure fluid is injected 
into the interval of seam until the seam in the borehole wall is fractured, and hydraulic fractures are 
formed around the hole wall. According to the lowest energy principle, after the fracture it expands along 
the vertical direction of minimum stress, the injection pump is stopped when the crack propagation length 
achieves a certain degree, then turn off the hydraulic fracturing system. After the pump stops, cracks will 
close gradually. When the crack are in critical closed state, the fluid pressure within the crack will be 
equal to the minimum principal stress perpendicular to the crack plane, at this time the fracture closure 
pressure is approximately equal to the minimum horizontal stress. Under normal conditions, the 
injection/reflow methods are used to measure fracture closure pressure of low permeability (fluid loss is 
very low) reservoir. But because the pressure closure pressure drops in most early stage of the cracks, for 
reservoir of higher leakage, it is difficult to obtain closure pressure with the injection/reflow test. 
Secondly, compared with the sandstone and other rocks, coal is soft and brittle. It is very easily ruptured 
under high stress around the well. If by using injection/return method it may slough and even collapse 
during the return process, which will influence the follow-up drilling engineering and other tests. So the 
actual injection / shut-in method are used in tests. For safer well test, most cases of coal reservoir have 
taken the test layer to open layer approach using only one packer in the coal seams not exceeding 1 m 
above the packer at target position of layers, only one packer is used to block target layers at the seams 
not exceeding 1m. After the injection/fall off, the stress is tested. Generally, it is required to run 4 cycles, 
with the string placed near the coal reservoir, electronic pressure gauge records the changes of downhole 
fluid pressure. By analyzing the recorded pressure data, coal reservoir stress conditions are obtained. 
3. Example of hydraulic fracturing of coalbed reservoir 
Hydraulic Fracturing for situ stress test was employed to test borehole DN-1 3# in the southern of 
Qinshui basin. Packer rubber tube: 242.70 ~ 243.80 m; coal seam depth: 244.20~ 249.90 m; gauge 
location is 240.13 m.  
Based on well test design the in-situ stress test includes 4 cycles. The test lastedg 2 hours and 26 
minutes. In the first cycle the maximum injection pressure at surface was 7.90MPa, the accumulative 
injection volume was 0.835m3 and return volume was 0.005 m3, shut in for 20 minutes. In the second 
Xingpeng Jing / Procedia Earth and Planetary Science 3 (2011) 422 – 428 425Xingpeng Jing / Procedia Earth and Planetary Science 58 (2011) 422–428 
cycle the maximum injection pressure was 8.10MPa, the accumulative injection volume was 0.765m3 and 
return volume was 0.015m3, shut in for 30 minutes. In the third cycle the maximum injection pressure 
was8.50MPa, the accumulative injection volume was 0.876m3 and return volume was 0.007 m3, shut in 
for 30 minutes. In the forth cycle the maximum injection pressure was 7.90MPa, the accumulative 
injection volume was 1.038m3 and return volume was 0.015m3, shut in for 40 minutes. Coalbed reservoir 
hydraulic fracturing measurement time and the pressure curve are shown in Fig. 2. 
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Fig.2.  Measurement pressure and time curve of hydraulic fracturing test 
Coal hydraulic fracturing tests measurement curve (Figure 2) often differs from the typical curve 
(Figure1), specifically in the following ways:  
(1) Generally, reopening pressure in measured curve pressure is often higher than the burst pressure of 
the first cycle. As is shown in Figure 2, the heavy pressures of the late three cycles are greater than the 
first cycle. But also it shows a typical curve of some coal seams.  
(2) After fracturing, the pressure of coal seam decreased rapidly and then the pressure picked up. As is 
shown in Figure 2, this phenomenon occurred in the latter part of the three cycles.  
(3) Reopening pressure and the cracking pressure of hydraulic fracturing testing in the first cycle 
changed little , as is shown in Figure 2, the changes between the cracking pressures of the four hydraulic 
fracturing tests and reopening pressure are small. 
4. Analysis of pressure test data of hydraulic fracturing of coalbed reservoir 
The test curve of the first cycle of hydraulic fracturing test of seam 3# in well DN-1 in southern 
Qinshui basin is shown in Figure3. Sstage AC is the stage of injection;  stage CD is the stage of shut-in; 
stage EF is the stage of the hydrostatic pressure interaction with the coal reservoir pressure after opening 
wells; stage BC is the stage of continuous injection after coal seam is fractured due to hydraulic fracturing. 
Point B shows the beginning of fracture of coal seam, after being fractured, during far extension of 
fractures in coal seams, the pressure may drop slowly. Because injection process of hydraulic fracturing 
in coal seams is very short  (Generally the maximum duration is defined as 240 seconds), coal seams 
could not produce particularly long cracks. Generally the crack is only generated around well-bore, 
concentrated stress of well-bore does not completely disappear, the minimum principal vertically acted on 
crack surface is effected accordingly. Therefore the minimum principal stress that hydraulic fracturing 
searches for is actually the sum of the true minimum principal stress and the axial stress of borehole. 
Stage CD is the stage of pressure recovery at well bottom after shut in, generally it is defined as 20-40 
minutes. Generally the testing data of the stage EF of hydraulic fracturing are not involved in data 
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analysis. Pressure recovery data of shut in during stage CD are analyzed to get closure pressure of seam, 
i.e. the minimum principal stress of seam. 
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Fig.3.  Measurement pressure and time curve of first cycle in hydraulic fracturing test 
In hydraulic fracturing test of coal seam, the closure pressure of cracks in coal seam occurs during 
pressure drop and recovery stage after shut in of injection/shut in test. As the shut-in pressure is generally 
higher than the "closure stress" of cracks, the cracks in coal seams are still in open state. Also assumed 
that cracks in coalbed have lower conductivity, linear flowing occurs at well bottom during the early stage 
of pressure recovery. From fluid mechanics and flowing equation of infiltration mechanics, equations of 
linear flow of infinitely conductive vertical cracks cutting well-bore (linear flow) and the finitely 
conductive vertical cracks cutting well-bore (double linear flow)  are respectively as follow: 
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In double logarithmic graphs, the slope of early flowing stage K is 1/2 and 1/4 of line segments. In 
curve of square root of time, the pressure recovery data will be a "turning point", that is off-set of pressure, 
will occur in pressure recovery data, the turning point is the closure pressure to get. Therefore there are  
two major methods for data analysis of hydraulic fracturing, i.e.  log-log method and time square root 
method. 
These two methods were used to analyze the test data of hydraulic fracturing for seam 3 # in well DN-
1 . Figure 4-7 show the analysis results by two methods, The slope of 1/2, 1/4 line segment appears in 
log-log analysis. 
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Fig.4 . Time square root and bilogarithmic analysis of the first cycle in hydraulic fracturing 
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Fig.5.  Time square root and bilogarithmic analysis of the second cycle in hydraulic fracturing 
 
5000
6000
7000
8000
9000
10000
0 2 4 6 8 10 12
Square root of shut in/S^0.5
Pr
es
su
re
/K
Pa
14
Closure pressure
   Pc=7.81MPa
a   Time square root of the third cycle in hydraulic fracturing       
10
100
1000
10000
0.1 1 10 100 1000
Hour/S
Pr
es
su
re
/K
Pa Closure pressure
   Pc=7.63MPa
K=1/2
b  Bilogarithmic analysis of the  third cycle in hydraulic fracturing  
Fig.6.  Time square root and bilogarithmic analysis of the third cycle in hydraulic fracturing 
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Fig.7. Time square root and bi-logarithmic analysis of the fourth cycle in hydraulic fracturing 
The square root method for four cycles of hydraulic fracturing was relatively simple, that is, when 
linearity was obvious, the pressure at the turning point was usually taken as the stress of hydraulic 
fracturing test. In log-log method the slope of the curve will appear 1/2, 1/4 of the straight line. As in the 
first and fourth cycles slope of log- log curve appears in 1/4 of the straight line, indicating that during first 
cycle t crack was not obvious, linear flow characteristics that finitely conductive vertical cracks cut well-
bore (double linear flow) appeared, suggesting that crack will terminate soon, subsequently, pressure drop 
of cracks is expressed as double linear flow. Therefore, stress point was taken at a point near 1/4 of 
straight line. In second cycle, slope of log-log curve appeared simultaneously in 1/2 and 1/4 of straight 
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line, indicating that after coal seam was fractured, the pressure of cracks dropped naturally, water flowing 
showed slow transition of crack linear flow to double linear flow of cracks and seam, therefore 1/2 and 
1/4 line segments appeared simultaneously in log-log curve. The intersection point of 1/2 and 1/4 line 
segments was stress point of seam. In third cycle, 1/2 line segment appeared in log-log curve, i.e. showing 
characteristics of linear flow. Therefore, stress point should be taken at a point near 1/2 line segment.  
 
From the analysis results of four cycles shown in Table.1, it can be seen that  the difference of the 
result of discrepancy in the third cycle was the biggest, up to 0.18MPa. So results are credible by Log-log 
method and time square root method. 
Table.1. Analysis results and accuracy of four cycles of  hydraulic fracturing 
Analysis method 
Cycle 
time square root method  
PSqrt/MPa 
Log-log method 
PLog/MPa 
PSqrt—PLog Relative difference /% 
first cycle 8.68 8.69 0.01 0.12 
second cycle 8.56 8.62 0.06 0.70 
third cycle 7.81 7.63 -0.18 2.36 
fourth cycle 7.90 7.99 0.09 1.14 
average 8.24 8.23 —— —— 
 
 
5. Conclusions 
Through test and analysis, it was determined that the ground pressure of coal seam 3# in well DN-1 in 
southern of Qinshui basin was 8.23MPa and the stress gradient was 3.37 × 10-2MPa /m. the analysis and 
comparison of square root method and log-log method for test data indicated that the application of 
hydraulic fracturing method to seam test is feasible. 
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